, respectively) and Eº'(CII/RS) of CaPo, CaD, AVPd, ALiP and PC-LiPA (Tables S6-S10 , respectively), inferred Eº'(CI/CII) of CaPo, CaD, AVPd, ALiP and PCLiPA (Table S11) 
SUPPLEMENTARY MATERIALS AND METHODS

Ancestral sequence reconstruction and enzyme production (resurrection).
The ancestral sequences were reconstructed as previously described. [1] Briefly, every class-II peroxidase (113 sequences) annotated in the genomes of ten Polyporales (phylum Basidiomycota) [2] were aligned with MUSCLE to obtain a phylogeny using RAxML [3] (with gamma distribution of parameters under the Whelan and Goldman model of evolution and empirical frequencies). Then, PAML 4.7 [4] was used to obtain the most probable sequence of the nodes of interest, and the marginal reconstruction sequences were manually corrected for C-terminal and other insertions/deletions according to the ancestor progeny. The genes were synthesized by ATG:biosynthetics (Merzhausen, Germany) using the most frequent codons for high expression in Escherichia coli.
The coding DNA sequences of the selected ancestors (CaPo, CaD, AVPd and ALiP in the simplified phylogenetic tree of Figure 1 ) and the extant PC-LiPA from the P.
chrysosporium genome (JGI ID# 2989894) [5] were cloned into pET23b(+) (Novagen).
The resulting plasmids were transformed into BL21(DE3)pLysS cells, which were grown at 37ºC in Terrific broth till 0.6 OD 600 , and four additional hours after addition of 1 mM isopropyl β-D-1-thiogalactopyranoside. The apoenzymes accumulated in inclusion bodies and, after solubilization in 8 M urea, an in vitro activation protocol was optimized for the ancestral proteins. The activation conditions for the ancestral enzymes include 0.16 M urea, 5 mM CaCl 2 , 15 µM hemin, 0.4 mM oxidized glutathione, 0.1 mM dithiothreitol and 0.1 mg/mL of protein in 50 mM Tris-HCl (pH 9.5) while those reported by Doyle and Smith [6] were used for PC-LiPA. The active enzymes were purified in a Resource-Q column (GE-Healthcare) using a 0-400 mM NaCl gradient in 35 mL, 2 mL/min flow, of 10 mM sodium tartrate (pH 5. enzyme (0.6-1.0 mM concentration) were placed in an ad hoc cell, [7] provided by Prof.
Mäntele, with a 6 µm gold mesh (Buckbee-Mears) as working electrode, a platinum plate as auxiliary electrode and a silver/silver chloride reference electrode whose potential was checked prior and after each experiment. Standard reduction potentials of CI/RS, CI/CII and CII/RS couples. The formal reduction potentials (Eº') of CI/RS and CII/RS were calculated using the abovedescribed stopped-flow spectrophotometry, [8;9] and the Eº' of CI/CII was inferred. In the two former cases, the reduction potential was determined using the Nernst equation at equilibrium: 
The different redox species at equilibrium were quantified as follows: i) for the pair CI/RS, the amounts of CI and RS were estimated with their extinction coefficients at 410 nm (see below) at the equilibrium (i.e. when the spectral changes ended, during H 2 O 2 addition; see Figure 3A ) and the reduction potential for the pair H 2 O 2 /H 2 O at pH 3 (Eº' = 1.56 V); [10] and ii) for the CII/RS pair, the equilibrium concentrations of CII and RS (see Figure 3B ) were calculated using their extinction coefficients at 410 nm, after incubation with different amounts of tyrosine, and the calculated Eº' = 1.18 V for the pair Tyr · /Tyr. [11] The selection of Tyr as substrate was made taking into account that: i) all enzymes of the PC-LiPA lineage were able to oxidize it (data not shown); and ii) it has been previously used to calculate the Eº' of mammalian peroxidases using a similar approach. [9;12-14] At a specific wavelength, the absorbance is an additive measurement of those of the individual components of a mixture. Therefore, using the 410 nm (Soret band) extinction coefficients for RS, CI and CII (given below) the quantification of the different redox pairs at equilibrium is possible using the equations 6 (for equilibrium of CI and RS) and 7 (for equilibrium of CII and RS):
[ Concerning the Eº' of CI/CII, we were unable to calculate it experimentally. Despite obtaining enzyme in CI and being able to attain certain equilibrium with CII at specific Tyr concentrations, the CII auto-reduction to RS enzyme made impossible to calculate equilibrium concentrations. However, it was possible to infer the Eº' of CI/CII from the experimental values of the CI/RS and CII/RS couples. The standard reaction free energy is connected to Eº' according to:
with n = 2 electrons for the reduction of CI to RS, ΔG r 'º equals to -2 x F x [Eº'(CI/RS)] being the sum of the reaction free energy of one electron reductions (CI to CII, and CII to RS). Therefore, the sum of reaction free energies ΔG r 'º(CI/CII) + ΔG r 'º(CII/RS) and the experimental determination of Eº'(CII/RS) allows the determination of Eº'(CI/CII).
1 H NMR Spectroscopy. The cyanide adducts of the ancestral peroxidases and extant PC-LiPA were obtained by incubating 0.7-1.0 mM of each sample with KCN in 50 mM potassium phosphate, pH 6.5, prepared with 2 H 2 O (isotopic purity 99.9%). The 1 H-NMR spectra were recorded at 298K using a 600 MHz Bruker spectrometer equipped with cryoprobe. Fast scanning WEFT pulse sequence was used. [16] Delays between 13
to 120 ms were tested in order to maximize signals corresponding to fast relaxing protons of the proximal histidine coordinated to Fe of the heme group. Spectra were acquired with up to 40K total scans, 120 ppm spectral width and a minimum of 1K
points. The spectra were processed with TOPSPIN 3.0 (Bruker) with manual base line adjustment and the signal of residual water proton (δ H 4.701 ppm) was used as internal reference for chemical shifts.
Precise conditions of the presented spectra are: i) CaPo, addition of 5 spectra of 1K scans and 128 dummy scans each, 15 ms delay, 100 ppm width and 1K points; ii) CaD, addition of 5 spectra of 4K scans and 128 dummy scans each, 13 ms delay, 120 ppm width and 1K points; iii) AVPd, addition of 5 spectra of 1K scans and 128 dummy scans each, 13 ms delay, 120 ppm width and 1K points; iv) AliP, addition of 5 spectra of 4K scans and 128 dummy scans each, 23 ms delay, 100 ppm width and 2K points; and v)
PC-LiPA, addition of 10 spectra of 4K scans and 128 dummy scans each, 13 ms delay, 120 ppm width and 1K points.
Signal corresponding to Hε1 of the proximal histidine was assigned to the signal with highest upper-field shift by homology with reported data. [17] [18] [19] [20] [21] Other signals were assigned by comparison with reported data for PC-LiPA isolated from P. chrysosporium cultures, although some differences are observed as the PC-LiPA used in this study was obtained by heterologous expression in E. coli and devoid of natural glycosylation.
Heme group numbering and protons labeling are indicated in Figure 5B and correspond to those used by Banci et al. [17] SUPPLEMENTARY TABLES Table S11 . Eº'(CI/CII) inferred for each enzyme using the equation for the reaction free energy (ΔG r º' = -n F Eº'). Eº'(CI/RS) and Eº'(CII/RS) were obtained experimentally at optimal pH 3 ( Tables S1-S5 and S6-S10, respectively). For RS/CI n = 2, and its ΔG r º' equals to the sum of the ΔG r º'(CI/CII) and ΔG r º'(CII/R), both with n = 1.
ΔG r º'(R/CI)
(kJ) Figure S1 . Evolution of fungal ligninolytic peroxidases in Polyporales (bootstrap values > 0.5 are indicated) adapted from Ayuso-Fernández et al. [22] LiPs are shown in green, VPs in yellow, MnPs in blue and GPs in purple. The path to the extant LiPA of P. Figure S2 . Alignment of the four ancestral sequences (mature proteins) predicted with PAML 4.7 and extant LiPA. Conserved catalytic and other relevant residues [23] are indicated including: two active site histidines (dark gray); three acidic residues forming the Mn 2+ -binding site (red); other active site conserved residues (light gray); one tryptophan involved in lignin direct oxidation (cyan); nine ligands of two Ca 2+ ions (green); and eight cysteines forming disulfide bonds (yellow). Symbols below indicate full conservation of the same (asterisk) or equivalent residues (colon) and partial residue conservation (dot). Adapted from Ayuso-Fernández et al. [1] Figure S3 Figure S3 for the spectroelectrochemical titration of the ancestral enzymes. The values for PC-LiP have been reported several times in the bibliography, and here we take the most accepted value of -0.137 V. [24] The negative values ensure that the peroxidases have a heme with Fe 3+ , the active form of iron, being in the range of those reported for other basidiomycete peroxidases. [24] [25] [26] [27] [28] [29] Although it is considered that a more positive Eº' would mean a higher oxidation power, [12] PC-LiPA, along with AVPd and ALiP, are able to oxidize high redox-potential substrates in spite of the more negative Eº'(Fe 3+ /Fe 2+ ) than the evolutionarily older CaPo and CaD, which only oxidize low redox-potential substrates and Mn 2+ , [1] estimated here. and PC-LiPA (E) with H 2 O 2 to follow CI formation (from 1.6 to 225 ms after peroxide addition). The insets show time traces at 410 nm (near Soret maximum) to attain equilibrium conditions. All reactions were at optimal pH 3, and 25 ºC. 
